Pollen analyses have been proven to possess the possibility to decipher rapid vegetational and climate shifts in Neogene sedimentary records. Herein, a c. 21-kyr-long transgression-regression cycle from the Lower Austrian locality Stetten is analysed in detail to evaluate climatic benchmarks for the early phase of the Middle Miocene Climate Optimum and to estimate the pace of environmental change. Based on the Coexistence Approach, a very clear signal of seasonality can be reconstructed. A warm and wet summer season with c. 204-236 mm precipitation during the wettest month was opposed by a rather dry winter season with precipitation of c. 9-24 mm during the driest month. The mean annual temperature ranged between 15.7 and 20.8°C, with about 9.6-13.3°C during the cold season and 24.7-27.9°C during the warmest month. In contrast, today's climate of this area, with an annual temperature of 9.8°C and 660 mm rainfall, is characterized by the winter season (mean temperature: −1.4°C, mean precipitation: 39 mm) and a summer mean temperature of 19.9°C (mean precipitation: 84 mm). Different modes of environmental shifts shaped the composition of the vegetation. Within few millennia, marshes and salt marshes with abundant Cyperaceae rapidly graded into Taxodiaceae swamps. This quick but gradual process was interrupted by swift marine ingressions which took place on a decadal to centennial scale. The transgression is accompanied by blooms of dinoflagellates and of the green alga Prasinophyta and an increase in Abies and Picea. Afterwards, the retreat of the sea and the progradation of estuarine and wetland settings were a gradual progress again. Despite a clear sedimentological cyclicity, which is related to the 21-kyr precessional forcing, the climate data show little variation. This missing pattern might be due to the buffering of the precessional-related climate signal by the subtropical vegetation. Another explanation could be the method-inherent broad range of climate-parameter estimates that could cover small scale climatic changes.
Introduction
Lower Miocene deposits of Austria are mainly represented by marine sediments of the Paratethys Sea, whereas well dated terrestrial strata are rare. An exception is the Korneuburg Basin in the north of Vienna (Fig. 1 ). This basin formed during the Burdigalian in the latest Early Miocene. The geology and palaeoecology of the Korneuburg Basin have been studied intensively within the last few years and presented in two monographs Schmid, 1998, 2002) . During these studies a total of more than 650 taxa of fossil animals and plants have been described from this small basin. This enormous dataset allows a relatively detailed reconstruction of the palaeoenvironments . Additional data on the palaeoecology were published by Zuschin et al. (2004) and Latal et al. (2005) . According to these studies, the basin was strongly cut off from the open sea, where an estuary was formed in its southern part and more marine depositional environments prevailed in the north. There, the only small connection to the Paratethys was established. In the south, separated from the marine part by a tectonically induced swell, a broad array of coastal-terrestrial habitats became established, ranging from patches of an impoverished Avicennia mangrove via Taxodiaceae swamps to riparian forests . The coastal mudflats were inhabited by biostromes of the giant oyster Crassostrea gryphoides, which formed colonies of several thousands of individuals with shell sizes of up to 80 cm length. One of these biostromes was excavated during [2005] [2006] [2007] [2008] by the Natural History Museum Vienna and is now part of the Geopark "Fossilienwelt Weinviertel". Contemporaneously, a major road construction project, the S1 motorway (Wiener Außenring-Schnellstraße) between the Tradenberg tunnel and the city of Korneuburg, was undertaken in the year 2008, allowing an exceptionally complete geological logging of a continuous section of the Miocene basin fill. The coincidence of both projects -providing palaeoecologic, stratigraphic and geologic backbones -gave rise to a sampling campaign on the palyno-assemblage studied in this paper.
Still, the mode of vegetational shifts in such Miocene estuaries is poorly studied, due to the usually very spotty preservation of accessible sediments. Moreover, as absolute datings and clear correlations with astronomical parameters are so far missing in the Lower Miocene deposits of central Europe, no estimation of the pace of the changes can be given. Herein, we try to quantify the observed vegetational shifts and to integrate the data in a hypothetic time/ sedimentation rate model.
Geological setting

The Korneuburg Basin
The Korneuburg Basin (Fig. 1) is part of the Alpine-Carpathian thrust belt. It originated as a sub-basin of the Vienna Basin during its early stage. Reactivation of thrusts as strike-slip faults in the Lower Miocene caused a rapidly subsiding pull-apart type basin. The onset of the pull-apart phase of the Vienna Basin during the Middle Miocene, resulted in tilting of the Lower Miocene strata. The asymmetric SSW-NNE-oriented basin is c. 20 km long and attains a maximum width of 7 km, but is strongly narrowed in its northern extension. A central high separates the basin fill into two depocenters (Fig. 1B) , the southern part with a sediment thickness of c. 880 m deep and a northern part of c. 530 m (Wessely, 1998) . This swell was already active during the Early Miocene and caused a separation into a marine embayment in the north and an estuary in the south . The basin margins are formed in the north by the Waschberg Unit and towards the south by the Rhenodanubian Flysch Unit. These AlpineCarpathian nappes are underlain by the autochthonous basement formed mainly by Cretaceous and Jurassic units and by the crystalline of the Bohemian Massif. Sedimentation began during the Early Miocene (Eggenburgian) and comprised shallow marine marls and sands (Ritzendorf Formation). The main phase of deposition, however, started in the late Early Miocene (late Burdigalian = Karpatian in regional stratigraphy; Piller et al., 2007) , represented by marly silts and fine to medium sands of the Korneuburg Formation. Rarely, gravel and boulder may occur in close position to the Flysch Zone; thin lignites of b1 m may occur as well.
According to palaeomagnetic measurements, a rather southern position of the area at c. 34°latitude was calculated by Scholger (1998) for the late Burdigalian Korneuburg Basin. Although this interpretation, requiring a northward movement of c. 1400 km since the late Burdigalian, seems to be an overestimation, a considerable northward shift is in accordance with other studies (Márton, 2008) .
The SPK-C + SPK-C1 Stetten section
Due to c. 25°western tilting of the Karpatian deposits, during the Middle Miocene or later, the basin fill can be followed along a W-E transect. A c. 1.8 km long transect was geologically documented in detail in the southern part of the basin in the year 2008 (Fig. 1A) . 324 sediment-samples, 118 molluscs-samples, 17 samples for diaspores and 118 palynosamples were taken for palaeontological, mineralogical and sedimentological analyses.
The c. 120-m-thick section comprises lignites, clay, silt, sand and rare pebble layers with abundant coquinas (Fig. 2A) . The lower 30 m is characterized by pelitic sedimentation; its middle part between 30 and 75 m represents an intense alternation of pelites and psammites, whereas the top is dominated by sand. Internally, it may be divided into at least 6 coarsening-fining upward cycles. For this study, the lower 21 m of the section (N48°21′47.82″ E016°22′0.12″), representing one of these cycles was measured and sampled in more detail (Fig. 2B) . Harzhauser et al., 2003 Harzhauser et al., , 2009 ). The red dot shows the position of the SPK-C1 section at the time of deposition. The sketch is an idealized illustration representing a phase when the Paratethys Sea reached far into the estuary corresponding more or less to the situation as represented by the samples SPK-C1 5 to 16. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Lithology of the SPK-C + SPK-C1 section (A) and detailed log of the lower part (B). A: the gamma-log and the sedimentary features reflect distinct coarsening-fining upward cycles which correspond to transgressive-regressive cycles (T-R-cycles). B: the lower part of the SPK-C1 section with typical mollusc assemblages and the position of the palynological samples. C: the spectral analysis performed on the gamma-log data, proves the existence of cycles which are interpreted as an expression of precessional forcing. Thus, the lowermost part of SPK-C1, spanning one of these cycles, might cover about 19-21 kyr.
It starts with c. 6 m clay and clayey silt with two prominent lignites of up to 50 cm thickness. Rootlets below the lignite indicate in-situ preservation. Above the lignite follows a 9-m-thick coarsening upward sequence of clay, clayey silt, silt, fine sand and medium sand (Fig. 2 ). An in-situ mass occurrence of the gastropod Turritella gradata occurs in the lower part. This coquina is a local marker bed Table 1  The table shows the counted results of all samples (SPK-C1 −2 to SPK-C1 21) for all determined pollen taxa. Additionally, percentage data of angiosperms opposed to gymnosperms and the percentages of gymnosperms, angiosperms, spores and dinoflagellates are shown. SPK-C1 −2 SPK-C1 −1.6 SPK-C1 −1 SPK-C1 −0.6 SPK-C1 0 SPK-C1 1 SPK-C1 2 SPK-C1 3 SPK-C1 4 SPK-C1 5 SPK-C1 6 SPK-C17 coquinas. The top part is represented by a fining upward sequence of silt and clay with scattered plant debris and rare coquinas.
Dating and time/sedimentation rate model
The Karpatian deposits are of latest Early Miocene age. The correlation of the mammal fauna with palaeomagnetic data allowed a dating into the early mammal zone MN 5, spanning a time of about 16. 5-16.7 Ma (Daxner-Höck, 1998; . Due to the co-occurrence of calcareous nannoplankton zonal markers Helicosphaera ampliaperta Bramlette and Wilcoxon, 1967 and Sphenolithus heteromorphus Deflandre, 1953 the investigated samples can be placed into Zone NN4 (Martini, 1971 Piller et al. (2007) for the correlation of the regional stages of the Paratethys realm with the standard stages.
The complete 1.8 km long section has been measured by a hand-held gamma-radiometer to evaluate the character and interpret the cause of cyclic changes observed during sedimentological logging. The final dataset grew to more than 17,000 measurements, all with fixed stratigraphic positions in the lithological column. Throughout the succession, the spectral analysis of the gamma-log data detected prominent, highly significant periodicities with a stratigraphic distance ranging from 17.5 m to 22.5 m (Fig. 2C) . Lithologically, these periodicities are also well expressed by coarsening-fining upward rhythms, culminating in shore-sand units separated by clay or sandy clay ( Fig. 2A) . A detailed analysis of the total succession will be given elsewhere; for this study, however, the detailed palynological analysis of the lower 21 m of the section is discussed. The working hypothesis is that the observed cycles are either pure autocycles triggered by subsidence or that they are expressions of the 21-kyr-precession signal -or a combination of both. An interpretation of the sedimentary cycles as expression of the 100-kyreccentricity signal is ruled out as it would result in a 2-myr-long phase of sedimentation. This, however, is far too long for the late Karpatian with a duration of less than 1 ma .
Considering the cycles as the 21-kyr-precession signal would result in an average sedimentation rate of roughly 0.8-1.1 mm per year. This sedimentation rate fits well to the basin type with rapid subsidence and is therefore somewhat higher than in the later pullapart phase of the Vienna Basin, when sedimentation rates between 0.4 and 0.6 mm per year are typical (Hohenegger et al., 2008; Lirer et al., 2009) . Although the proposed Miocene sedimentation rates in the Korneuburg Basin are higher than in the neighbouring Vienna Basin, they are comparable with modern values in estuarine and lagoonal settings. Tropical to subtropical estuaries with rates of 1-10 mm/yr are documented from Western Africa (Debenay et al., 1994) , Brazil Behling et al., 2001) and South East Asia (Li et al., 2006; Ellison, 2005) . Comparably high values of 0.5-1.8 mm/yr are also known from the precolonial Chesapeake Bay (Donoghue, 1989) . Such high sedimentation rates are especially well documented from tropical mangals, ranging from 1.2 to 2.4 mm/yr (Lynch et al., 1989; Smoak and Patchineelam, 1999; van Santen et al., 2007) up to c. 11 mm/yr (Kamaruzzaman and Ong, 2008) . Moreover, high sedimentation rates were supported by synsedimentary tectonic activity generating a depocenter in the Korneuburg Basin. Increasing relief energy in the Alpine hinterland and the North Alpine Foreland Basin caused high sediment supply to fill the newly generated accommodation space (Wessely, 1998) .
Thus, the investigated cycle should reveal patterns related to autocyclic mechanisms or astronomic forcing spanning roughly 21,000 years, which may represent one full precession cycle. The sample density (one sample each meter) should thus account for a time resolution of c. 800-1000 years per sample.
Material and methods
The samples were taken during the highway construction close to Stetten in Lower Austria. For this investigation, 24 palynosamples were processed to evaluate preservation, diversity and composition of the palynomorph assemblages. Except for the sand unit at m 12-14 (Fig. 2B) , where preservation is too poor for analysis, all samples were derived from clay and silt parts.
The samples were processed with hydrochloric acid (HCl conc.) and HF (hydrofluoric acid conc.) to eliminate all silica and calcareous matter. Afterwards the preparation followed the procedure of Klaus (1987) using glacial acidic acid (CH 3 COOH conc.) before acetolysis was performed (Erdtman, 1954) . Finally, after washing and sieving the samples with a 6 μm nylon sieve, the material was transferred into a glass tube and kept in glycerin. Between samples SPK-C1 −2 and 4 at least 150 pollen were counted due to bad preservation, for the rest an amount of more than 200 was identified (excluding Pinus). All samples are stored in the collection of the Natural History Museum Vienna (NHMW Inv. 2009B0004/001-2009B0004/064).
The software "Past" was used for cluster analyses and non-metric Multidimensional Scaling (nMDS) (Hammer et al., 2001 ). The pollen diagram was created by Tilia and Tilia-Graph (Grimm, 2004) .
Climatic reconstructions were based on the counted pollen data, which were analysed by using the Coexistence Approach (Mosbrugger and Utescher, 1997) . For the calculation of the climatic intervals, climatic data of the most appropriate nearest living relative of each taxon were considered. Taxa, which are today only limited to a much retreated area, such as Cathaya or Sciadopitys, were excluded from the analysis, because their recent distribution might not reflect their Miocene habitat requirements. Also, if they were limiting an interval, the Pinaceae pollen and the rare taxon Ephedra were not considered. Because of the ability of their pollen to spread over long distances their presumable living environment may have been far away.
For the remaining taxa, the natural worldwide distribution was considered to reflect the interval of their possible climatic viability. Taking all taxa into account, a climatic interval can be deduced, in which all these taxa can survive and "co-exist". This is called the coexistence interval and is presented here as the climatic interval, in which the fossil taxa are most likely to have existed.
Results
In total, 24 samples were investigated; all samples contain pollen, spores and dinoflagellate cysts (Table 1; Figs. 3 and 4) . In addition, spores of fungi, chitinous inner tests of foraminifera and lignite particles are abundant. High amounts of pyrite characterize all samples.
Samples from the lower most part of the section (SPK-C1 −2 to 4), situated between the prominent lignites, are poorly preserved. Here the assemblages are low diverse as a result of taphonomic bias (only thick-walled pollen and spores are preserved). Starting with sample SPK-C1 6, the number of taxa increases and the preservation improves. All samples contain small fragments of lignite, which are most abundant between the two lignite layers (SPK-C1 −2 to 5).
In most samples 18, 21) angiosperms are more abundant than gymnosperms. The angiosperms Carya, Engelhardia, Pterocarya, Alnus, Quercus, Sparganium, Oleaceae, Lythraceae and Poaceae attain percentages over 10%. Tiliaceae, Chenopodiaceae, Fagus, Symplocaceae, Ulmus, Fraxinus and Salix appear with more than 5%. Among the gymnosperms no family is clearly dominant unlike among the angiosperms, where Carya, Pterocarya and Engelhardia are the most abundant elements.
A cluster analysis (Ward's method and paired group) of the data set (excluding undetermined counts, undetermined Pinaceae and extremely rare elements) revealed several distinct and robust groupings (Fig. 5A) . Cluster I unites samples from the lowermost part of the section (SPK-C1 −2 to 4). These samples are rich in Carya, Cathaya, Pinus, Pterocarya, Alnus, Pteridaceae, Schizaeaceae and Tiliaceae. Cluster II encompasses samples SPK-C1 6-11. This cluster is characterized by coincident high abundances of Carya, Cathaya, Engelhardia, Taxodiaceae, Pterocarya, Platycarya and Alnus accompanied by Oleaceae, Sparganium, Quercus, Lonicera and Lythraceae. No group dominates the spectra. Cluster III is formed by samples SPK-C1 12 to 20. Although, Carya, Engelhardia, Cathaya and Taxodiaceae are still well represented, the increase of Abies and Picea is characteristic. Additionally Chenopodiaceae, Sparganium, Poaceae and Oleaceae are important constituents of the samples. In contrast, Alnus, Symplocos, Platycarya, Rutaceae and Arecaceae become rare elements. Within this main cluster, a subcluster (samples SPK-C1 16, 17, 20) forms which is characterized by comparably lower levels of Engelhardia and Oleaceae but increased occurrences of Pinus and Cathaya. This interval is also characterized by a distinct increase of dinoflagellates and a decrease of spores (Fig. 4) . Above sample SPK-C1 12, the dinoflagellates are the dominating group of the playno-assemblage with up to 63.5%. Along with the dinoflagellates, the green algae Prasinophyta appears with a prominent peak in SPK-C1 15. It starts in low numbers in SPK-C1 7, and rises significantly in samples SPK-C1 12 and 15, thus spanning the barren sandy interval. Sample SPK-C1 5 forms the cluster IV; it is an outlier in all cluster analyses and also in nMDS plots (Fig. 5B) , caused by abundance peaks of Taxodiaceae, Glyptostrobus and Alnus.
Finally, several samples tend to form poorly supported clusters or, depending on method, group differently. These are especially those samples with poor preservation and low numbers of counts. Only SPK-C1 21 is an exception. Although generally close to samples of cluster III, it differs by a distinct drop of Abies and a slight increase in Taxodiaceae. The nMDS plot reveals a similar pattern (Fig. 5B) . The outliers SPK-C1 5 and SPK-C1 −1.6 are both lignite-related samples. Clusters I, II and III group within distinct regions and tend to be arranged along a stratigraphic axis. The clusters are also robust in a cluster analysis based on percentages of taxa (Fig. 6) , which are also clearly dominant in different parts of the section (Fig. 7) . Now the uniting elements of cluster I are Cathaya, Pinus, Pterocarya, Carya and Alnus. Engelhardia, Abies and Picea group within cluster III. Taxodiaceae still represent a maverick position corresponding to cluster IV. Thus, despite the supposed short time interval represented by the samples, statistically robust quantitative and qualitative differences of the palyno-assemblages suggest major shifts in ecological parameters. 
Discussion
Palaeoenvironments
The southern part of the Korneuburg Basin was interpreted by and Latal et al. (2005) as an estuary (Fig. 1B) . A high number of biota were reconstructed ranging from shallow sublittoral shore face settings, mudflat coasts, Crassostrea biostromes, Avicennia thickets, coastal Taxodiaceae swamps, riparian forests to mixed-mesophytic forests in the hinterland. For the investigated part of the SPK-C1 section an interpretation of the depositional environments can be performed on the autochthonous invertebrate faunas and sedimentary features. This may serve as base for further interpretations of the par-autochthonous or allochthonous palynoassemblages.
Autochthonous brackish-marine depositional environments
The lower part of the section, covered by the samples SPK-C1 −2 to 4, bears rare brackish-marine molluscs such as the nassariid gastropod Cyllenina ternodosa. These are usually confined to extremely shallow sublittoral to intertidal mud flat environments (Zuschin et al., 2004) . The decrease of mollusc hash towards the lignite at 4.4-4.8 m and the low diversity of the mollusc assemblage indicate a gradual shift towards brackish or freshwater conditions which peak in the formation of a Taxodiaceae swamp. In correlative parts of the section, the occurrence of unidentifiable planorbid gastropods supports the interpretation of a freshwater swamp.
Marine conditions became re-established soon after. Above sample SPK-C1 5, a thin Ostrea digitalina coquina with neritid, nassariid and muricid gastropods (Agapilia pachii, Cyllenina ternododsa, Ocenebra schoenni) and disarticulated bivalves such as Cordiopsis islandicoides and Anadara diluvii formed at 5.4 m. Throughout the Late Oligocene and Early Miocene, such assemblages are highly indicative for estuaries and brackish lagoons (Baldi, 1973; Mandic et al., 2004) . At 6.2 m, a second coquina appears, consisting mainly of Turritella gradata, a large sized turritellid gastropod. The shells are more or less in life-position and lack any post-mortem orientation by currents. Articulated valves of the venerid Cordiopsis islandicoides are additional indicators for such calm conditions. Elements of the asteroid starfish Luidia? sp. point to a strong marine influence in the estuary at that time. Starfishes like Luidia prefer normal marine conditions and only rarely tolerate salinities of less than 20 ppt (Hendler et al., 1995) . Therefore, this part of the section is interpreted as a calm, soft-bottom lagoonal environment which initially was settled by Ostrea digitalina colonies in littoral settings which soon became replaced by subtidal environments with huge Turritella populations. The section interval between 8 and 11.8 m is characterized by a coarsening upward trend and a change in the mollusc fauna. Intertidal elements such as Nassarius edlaueri are replaced by the large razor clam Solen marginatus, typical for shoreface environments (Mandic et al., 2008) . The solenoids are found in life-position in the silty and sandy sediment. A first tempestite was formed at 10.4 m, pointing to a gradual increase of water energy. The mollusc assemblage with Ostrea digitalina, Striarca lactea, Gouldia minima, Cordiopsis islandicoides, Thracia sp., Corbula gibba, Granulolabium bicinctum and Perrona louisae represents a mixture of intertidal and sublittoral elements and reflects the proximity of mudflats and sandy foreshore settings.
This trend culminates in the sandy unit between 11.8 m and 14.4 m. Tempestites, shell and pebble lags indicate high wave energy in foreshore and shore settings. A color change from green-blue-grey towards ochre-yellow suggests an increased aeration of the sediment by repeated reworking by waves and by intense bioturbation. This is documented by poorly preserved, rare Ophiomorpha-Thalassinoideslike traces. The estuarine-marine character of the assemblages is obvious from elements such as the ungulinid Diplodonta rotundata and the geoduck Panopea menardi. The latter genus forms large populations in the subtidal zone and is extremely deep burrowing, attaining depths of more than 1 m (Gribben et al., 2004) . The absence of deeply burrowed in-situ shells and the occurrence of disarticulated shells in the coquina may thus point to heavy wavy agitation leading to considerable reworking of the sediments. Upsection, the water energy decreases distinctly. Silty clayey sediments prevail; molluscs are represented by rare shells of Diplodonta rotundata and shell fragments. Even mudflat species are missing. A single thin coquina consisting of unidentifiable shell hash formed at 19.0 m. The low diversity and the predominance of a single species point to restricted environmental conditions which did not allow the establishment of marine taxa. Moreover, a poor oxygenation of the bottom is indicated by the increase of pyrite. This development points to a late phase of the marine ingression, heralding the progradation of lagoonal environments and the end of this sedimentary cycle.
Terrestrial environments
The cluster analysis already documented considerable vegetation shifts within the sedimentary cycle. The lowermost section (SPK-C1 −2 to 4; cluster I), is characterized by a low pollen grain concentration, where only thick-walled pollen are preserved. This part is interpreted as (salt) marshes comparable to the modern Everglades in the SE of North America. Graminoids, mostly of the family Cyperaceae, dominate the wetlands above peat layers (Willard et al., 2001 ), similar to the lignite layer found at the base of the section. Because these marshes occasionally fall dry, either periodically or during single events, the soils get oxidized, which may explain the bad preservation of the palynological remains and the absence of the thin-walled Cyperaceae pollen. The high amount of fern spores and the distribution of Quercus, Celtis and Alnus also fit to this modern equivalent. Tree islands with these taxa are frequently formed between the marshes (Willard et al., 2001; Denk et al., 2001) .
Upsection, the fluvial influence is increasing, indicated by the contribution of hinterland taxa such as Alnus, Symplocos, Carya, Poaceae and especially Taxodiaceae (SPK-C1 −1 to 5). The trend climaxes in sample SPK-C1 5 (cluster IV) where Taxodiaceae are predominant and formed swamps (Fig. 7) . This vegetation led to the formation of the second lignite layer. Clear freshwater conditions are further verified by the occurrence of freshwater gastropods, which shows that, at this time, the marine influenced part of estuary had retreated towards the basin. The establishment of large Taxodiaceae swamps can be a relatively rapid process, comparable to the modern Everglades, which formed in less than 5000 years (Gleason and Stone, 1994) .
Afterwards, the environmental conditions quickly shift back to brackish and marine environments as obvious from the mollusc fauna. Consequently, the palynosamples show a constant increase of dinoflagellate cysts, dominated by the genus Spiniferites sp., which is a neritic element of eutrophic environments (Harland, 1983; Turon, 1994; Zonneveld, 1995) . Along with the dinoflagellates, the green alga Prasinophyta is an important brackish water indicator and points towards rich nutrient content within the surface water. Today, Prasinophyta blooms are known from the Black Sea after heavy rainfall, which cause a decrease of the salinity of coastal waters and lead to eutrophic conditions (Vershinin, 2007) .
During this interval (clusters II and III), the pollen assemblage clearly reflects the surrounding and hinterland vegetation. Typical plants dwelling next to salt water drained soils surrounding the shores of estuaries are Cyperaceae, Poaceae and Chenopodiaceae (Grigore and Toma, 2007; Jiang and Ding, 2008; González and Dupont, 2009) . Alongside the tributaries and ponds within the wetlands, Sparganium and Typha were distributed (Britten and Crivelli, 1993) , probably associated with the Lythraceae Decodon. This genus is common in the Miocene and has also been detected in the close-by locality Teiritzberg by SEM analysis (Kvaček and Sakala, 1999; Hofmann et al., 2002) . The swamp vegetation is still represented by Taxodiaceae, such as Taxodium and Glyptostrobus, along with Nyssa, Tiliaceae and Craigia (Kvaček, 2003) . These wetlands were sometimes overgrown by Pteridaceae, Arecaceae, and Apiaceae, but also trees like Arecaceae Alnus, Fraxinus or Oleaceae were inhabitants of this environment (cf. Utescher et al., 2009) .
Some distance along the tributaries, riparian vegetation with abundant angiosperms developed. Engelhardia, Carya and Pterocarya are found along with other riparian plants such as Salix, Fraxinus, Liquidambar and the Ulmaceae Ulmus and Zelkova because of their ability to tolerate longer phases of inundation as are typical in such wetlands (Britten and Crivelli, 1993; Wilen and Tiner, 1993; Denk et al., 2001) . The rest of the palyno-assemblages indicates forests with some open habitats in between, where Poaceae, other grasses and herbs were growing. A "Younger Mastixioid Flora" sensu Mai (1964) was developed including a high amount of broad-leaved evergreen and thermophilous elements. Quercus and Fagus were growing associated with Euphorbiaceae, Rutaceae, Sapotaceae and Symplocos (Jarvis and Clay-Poole, 1992) . At somewhat higher elevations, Abies and Picea were common (cf. Jiménez-Moreno et al., 2008) . Such low mountainous areas might have been formed by the Flysch-sandstone ridges bordering the Korneuburg Basin or by the young Alps in the south-west. The changing sea-level during the marine ingression caused slight alternations in the lateral distributions of these plant assemblages, but no taxon is dominating or disappearing within this part of the section.
At the top, the marine influence decreases again and dinoflagellates and Pinaceae pollen are replaced by angiosperms again. Additionally, especially Taxodiaceae pollen become more frequent again, indicating the re-establishment of swamp environments, due to the retreat of the sea from this part of the estuary. Fig. 7 . The abundance of pollen and spore taxa, grouped according to the clusters shown in Fig. 6 (lithological details are given in Fig. 2B ).
Palaeoclimate
During the middle Burdigalian (regional Ottnangian and early Karpatian ages) the tropical Early Miocene climate of central Europe experienced a first cooling phase in the Miocene. This is recorded in the marine sphere by a distinct turnover of the mollusc fauna and a switch in the carbonate sedimentation towards a temperate bryomol facies Piller et al., 2007) . Simultaneously, the frequency of tropical plant taxa declines and several tropical elements such as Sapotaceae disappear for a period of time (Planderová, 1990) . Soon after, during the late Burdigalian (late Karpatian), the climate switched back towards subtropical conditions. Thermophilic molluscs display a distinct northward extension of their distribution area and Tethyan molluscs appear in the Paratethys Sea (Harzhauser et al., 2003; Harzhauser and Piller, 2007) . In the terrestrial record, this warm phase is documented by the high number of thermophilic elements such as Engelhardia, Platycarya, Myricaceae and certain Fagaceae, Fabaceae and ferns (Doláková and Slamková, 2003) . This trend indicates the onset of the Middle Miocene Climatic Optimum (MMCO) (Jiménez-Moreno et al., 2005) .
The herein studied section represents a short, c. 21 kyr spanning interval of that early phase of the MMCO. Consequently, thermophile taxa such as Engelhardia and Platycarya are present in all samples and Engelhardia is even the most frequent angiosperm at all. Especially the abundant occurrence of Engelhardia, together with Mastixiaceae and Sapotaceae, points towards a warm and frost-free climate. Rutaceae, Areaceae, Osmunda, Schizaeaceae and Ilex are irregularly present, Rubiaceae and Araliaceae only sporadic, but their nearest living relatives today live all in tropical to subtropical climates. Nyssa and Lonicera indicate also a warm and mild climate (Fauquette et al., 2006; Kovar-Eder et al., 2006) .
First climatic interpretations for the late Burdigalian of the Korneuburg Basin have already been performed based on various proxies: thermophilic ectothermic vertebrates suggest a humid subtropical climate with a minimum value of the mean annual temperature (MAT) of 17°C, and the minimum cold month temperature (minCMT) ranging from at least 3°C to about 8°C (Böhme, 2003) . The mean annual precipitation was estimated to range around 2000 mm (Meller, 1998) . The marine gastropod fauna indicates minimum sea surface temperature values around 14−15°C . This estimate was supported by δ 18 O studies, which document a range from 14°C to 25°C in coastal marine waters (Latal et al., 2005) .
These estimates can now be tested and refined based on the palyno-assemblages. Herein we use the Coexistence Approach of Mosbrugger and Utescher (1997) which allows several palaeoclimate benchmarks such as the mean annual temperature (MAT), the mean temperature of the coldest and warmest months (CMT, WMT), the mean annual precipitation (MAP), the mean precipitation of the wettest and driest months (MPwet, MPdry) and the mean precipitation of the warmest month (MPwarm) to be estimated. Results of Fig. 8 . Climate signals revealed by the Coexistence Approach of Mosbrugger and Utescher (1997) . Shaded areas indicate the total range; middle line represents average values. The data suggest rather stable climatic conditions during the c. 21-kyr-interval. Nevertheless, shifts within the ranges would be unresolved due to the method used. Abbreviations: CMT: coldest month temperature, WMT: warmest month temperature, MAT: mean annual temperature, MAP: mean annual precipitation, MPwet, MPdry MPwarm: precipitation of the wettest, driest and warmest month. the entire data set indicate a MAT of 15.7-20.8°C, a CMT of 9.6-13.3°C, and a WMT of 24.7-27.9°C. Precipitation data comprise a MAP of 823-1372 mm, a MPwet of 204-236 mm, a MPdry of 9-24 mm and a MPwarm of 79-172 mm. This describes a much warmer and wetter climate that can be found today in this area (climatic data of Vienna). Each season is definitely colder, resulting in a MAT of 9.8°C and a MAP of 660 mm. The colder season clearly shows frosts by a CMT of −1.4°C but a higher rainfall of 39 mm. In contrast the warm season is colder (WMT: 19.9°C), too, but also dryer (MPwarm: 84 mm) (Müller, 1996) .
The temperature estimates based on the Coexistence Approach indicate a warm subtropical climate. A clear improvement to existing data is the evaluation of the coldest month temperature with c. 10°C. This lower boundary is mostly defined by the common occurrence of Mastixia sp. The second important improvement is the rather low MAP which is about half of previous estimates. Moreover, a completely new and surprising aspect is the clear evidence of seasonality in these data. Up to now, the onset of the MMCO was assumed to correlate with an overall wet subtropical climate without marked seasonality (Kovar-Eder et al., 1998; Meller et al., 1999) .
Our data, calculated with the Coexistence Approach and the Nearest Living Relatives concept, suggest that during the late Burdigalian, there was a wet season with a precipitation of 200 to 240 mm per month. In respect to the high precipitation results of the warmest month, it is likely that this wet season was the summer season. Engelhardia, Symplocos and Taxodiaceae occur today in similar climates with clear seasonality. Especially the mixture of Symplocos, together with Betula and Quercus, points to the existence of a warm and wet season. This was contrasted by a quite dry season, lasting at least one month, with a rainfall of less than 30 mm (Fig. 8) , which is suggested mostly by the occurrence of Celtis, Sparganium and the subtropical taxon Platycarya.
Comparable climate parameters were proposed for the more continental late Burdigalian settings in southern and north-western Germany by Böhme et al. (2007) and Utescher et al. (2000) . Therefore, this climate pattern with dry and slightly cooler winter seasons and humid and warm summer seasons seems to have characterized Central Europe at the onset of the MMCO. These data suggest similarities with the modern Cwa climate of Koeppen (1936) . Today this climate covers parts of northern India extending into southeastern Asia (south Nepal, Myanmar, northern Thailand) to East China and in central south Africa (east Angola, Zambia, north Zimbabwe, north Mozambique) (Peel et al., 2007) .
The pace of environmental change
Although the suggested 21-kyr-precessional cyclicity is supported by power spectra analysis of the entire SPK-C + SPK-C1 sections, the conversion into a time model for the investigated part of the SPK-C1 section is difficult. Sedimentation will not have been completely constant throughout the interval. In-situ occurrences of Turritella coquinas and of bivalves in life-position are good indicators for undisturbed sedimentation in large parts of the section. In contrast, pebble lags and tempestitic coquinas in the sand layers at 12-14 m point to winnowing and re-sedimentation. Despite these uncertainties, the conversion of the average sedimentation rate of 800-1100 cm per ky into a time model will allow a rough estimation of the pace of environmental change.
Hence, the basal formation of salt marshes and peat bogs characterized the locality for about 5000-6000 years. As in the modern Everglades, these environments graded into Taxodiaceae swamps which seem to have developed very quickly within less than 2000 years. The subsequent marine ingression was not a gradual process but rather a very swift take-over. The swamps drowned within a few decades and made way for lagoonal marine mollusc assemblages. The transgressive pulse culminated within c. 8000 years in the establishment of highly dynamic shore and foreshore environments. Within another 5000-7000 years, the fully marine conditions switched gradually back and a progradation of swampy conditions took place.
Despite the very clear cyclicity in the sedimentary record, the analysis of the palaeo-vegetation provides no hint of major cyclic climate changes. Therefore, we suggest that the rhythm in the sealevel record was not coupled with a climatic cyclicity in the investigation area. This result, however, may also be an artifact, if the amplitudes of the climatic parameters are too low to be resolved by the Coexistence Approach. On the other hand, the factors influencing the relative sea-level of the huge early Miocene Eurasian Paratethys may not be expressed in the investigation area, which was only a minor appendix.
Conclusions
The onset of the Middle Miocene Climate Optimum during the late Burdigalian in Central Europe coincided with considerable seasonality. A warm and wet summer season with a precipitation of 204-236 mm during the wettest month was opposed by a rather dry winter season with very low precipitation of c. 9-24 mm in the driest month and temperatures which did not drop significantly below 10°C. The vegetational dynamics in this late Early Miocene estuary were rapid. Major marine ingressions which drowned the marshes and swamps happened within few decades or centuries. The establishment of Taxodiaceae swamps was a rapid process as well which took few millennia. Only the regression of the sea and the coinciding progradation of estuarine and wetland settings was a gradual progress.
The assumption that the statistically significant sedimentary rhythm of the section is related to the 21-kyr-precession cycle is supported by several Middle Miocene wells in the Vienna Basin which document a clear reflection of the precessional and eccentricity cycles (Hohenegger et al., 2008; Lirer et al., 2009) . Despite the clear cyclicity in the sedimentary record, however, the palynospectra reflect rather stable climatic conditions during the investigated interval (Fig. 8) . Quantitative changes in the composition of the palyno-assemblages, as obvious in the cluster analysis, seem to be triggered only by shifting local environments bound to periodic marine ingressions into the wetlands of the Korneuburg Basin. This in turn, suggests that the -probably astronomically forced -cyclicity of the sea-level was not coupled with a climatic cyclicity in the investigation area. This misfit might be explained by the fact that the Central Paratethys was just an appendix of the Western Tethys Ocean during the late Burdigalian (Rögl, 1998) . Therefore, the mechanisms forcing the hydrological budget of the huge Western Tethys Ocean are not necessarily visible in its northern embayment on a regional scale. A second explanation might be that the climatic amplitude is below the methodological resolution of the Coexistence Approach due to the broad climatic range of c. 5°C for the MAT and of c. 500 mm for the MAP of the subtropical vegetation of the Korneuburg Basin.
The appendix lists all by the Coexistence Approach reconstructed climatic intervals for each sample including the number of taxa contributing to create this data and the taxa, which were excluded. 
